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HIGHLIGHTS 


•  The  durability  of  commercial  catalyst  is  doubled  by  the  addition  of  Pt/graphene  oxide  (GO). 

•  GO  prevents  the  agglomeration  of  Pt  in  Pt/C  catalyst  by  offering  an  anchoring  site  of  eluted  metal. 

•  The  hybrid  catalyst  exhibits  excellent  durability  especially  in  the  high  current  region  in  the  full  cell  test. 
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We  report  a  highly  durable  hybrid  catalyst  composed  of  Pt/graphene  oxide  (GO)  and  Pt/C  catalyst  for 
polymer  electrolyte  membrane  fuel  cell  (PEMFC).  The  accelerated  durability  tests  in  half-cell  and  full  cell 
systems  shows  that  the  addition  of  small  amount  of  Pt/GO  catalyst  significantly  enhances  the  durability 
of  commercial  Pt/C  catalyst  without  sacrificing  initial  electrochemical  active  surface  area  (ECSA).  The  XRD 
and  TEM  analysis  reveal  that  the  GO  not  only  exhibits  the  high  resistance  to  Pt  agglomeration  but  also 
prevents  the  Pt  agglomeration  in  Pt/C  catalyst  by  providing  the  anchoring  sites  of  eluted  metal  ions.  We 
believe  that  this  simple  and  effective  approach  can  open  a  new  way  to  fabricate  highly  durable  elec¬ 
trocatalyst  for  the  commercialization  of  fuel  cell  vehicles. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polymer  electrolyte  membrane  fuel  cell  (PEMFC)  has  been 
widely  studied  due  to  its  harmful  greenhouse  gases  such  as  CO2, 
NOx,  SOx,  etc.,  while  it  generates  non-polluting  things  such  as 
electricity,  water,  and  heat  using  the  chemical  energy  of  fuel  and 
oxidant.  Today,  it  has  been  regarded  as  one  of  the  most  environ¬ 
mentally  friendly  power  sources  for  many  applications  that  need 
low  working  temperature,  solid  electrolyte,  fast  start-up  and  high 
efficiency.  Despite  its  various  merits,  the  commercial  application  of 
PEMFCs  is  impeded  by  its  low  durability,  high  cost  and  difficulty  in 
the  water  management  [1-4].  In  order  to  reduce  the  cost  and  use  it 
in  various  applications,  long-term  durability  is  regarded  as  the  one 
of  the  most  important  problems  to  be  solved  [5-12]. 

Platinum  (Pt)  catalysts  supported  on  the  high  surface  area  car¬ 
bon  (C)  material  such  as  carbon  black  (CB)  have  been  widely  used  as 
an  electrocatalyst  for  PEMFCs,  but  CB  can  be  easily  oxidized  as  the 
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potential  of  oxygen  reduction  reaction  is  closer  to  that  of  carbon 
oxidation.  The  oxidation  of  CB  can  cause  the  agglomeration  and  loss 
of  Pt  nanoparticles,  resulting  in  a  decrease  of  the  electrochemical 
surface  area  and  activity  of  the  electrocatalysts  [13-16].  So  far, 
many  attempts  have  been  made  to  solve  the  durability  problem  by 
introducing  robust  materials  as  a  catalyst  support  such  as  graphene 
and  carbon  nanotube  (CNT)  which  exhibit  highly  ordered  graphitic 
structure  [17-19]. 

Graphene,  which  is  a  2-D  honeycomb  lattice  of  single  layer  of 
carbon  atom  with  a  thickness  of  0.34  nm,  has  been  extensively 
investigated  due  to  its  outstanding  properties  such  as  excellent 
thermal  and  electrical  conductivities,  high  electron  transfer  rate, 
and  superior  chemical  resistance.  Graphene  can  be  fabricated  by 
chemical  or  mechanical  exfoliation  of  natural  graphite,  chemical 
vapor  deposition  (CVD),  and  epitaxial  growth.  [20-29].  Among 
them,  the  chemical  exfoliation  of  graphite  into  graphene  oxide 
(GO)  is  considered  as  the  one  of  the  most  appropriate  method  to 
fabricate  electrocatalysts  for  PEMFC  due  to  its  versatility  of  func¬ 
tional  groups  (epoxy,  carboxylic  and  hydroxyl  groups  which  can  act 
as  nucleation  and  anchoring  sites  of  metal  nanoparticles),  low 
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material  cost,  and  suitability  for  large-scale  up  [30-32].  Previous 
studies  have  shown  that  using  GO  as  a  supporting  material  for 
electrocatalyst  can  improve  the  oxygen  reduction  reaction  (ORR)  of 
the  Pt,  Pt-Metal  alloy  and  non  Pt  catalyst,  however  using  only  2D 
GO  as  a  catalyst  support  can  cause  severe  mass  transfer  problems  in 
the  membrane  electrode  assembly  (MEA)  of  the  full  cell  system 
[18,19,33-37]. 

Here,  we  report  a  highly  durable  hybrid  catalyst  composed  of  Pt/ 
GO  and  commercial  Pt/C  catalysts.  The  hybrid  catalyst  exhibited 
improved  durability  without  sacrificing  electrochemical  active  sur¬ 
face  area  (ECSA)  due  to  both  the  highly  durable  Pt/GO  itself  and 
suppressed  Pt  agglomeration  in  commercial  Pt/C  by  the  synergetic 
effects  of  Pt/GO.  Atomic  Force  microscope  (AFM),  X-ray  photoelectron 
spectroscopy  (XPS),  Raman  spectra  measurement  (Raman),  Ther- 
mogravimetric  analysis  (TGA),  X-ray  diffraction  (XRD),  Transmission 
electron  microscope  (TEM),  and  cyclic  voltammetry  (CV)  analysis 
were  conducted  to  investigate  the  properties  of  fabricated  catalysts. 

2.  Experimental 

2.1.  Preparation  of  Pt/GO  catalyst 

Hummers  method  using  NaN03,  H2SO4,  KMn04,  and  H2O2  was 
used  to  prepare  the  GO  from  expandable  graphite  (Grade  1721- 
Asbury  Carbon)  [27].  Firstly,  the  pre-calculated  amount  of  metal 
precursor,  H2PtCl6-xH20  (Sigma- Aldrich  Corporation,  St.  Louis, 
MO,  USA)  and  50  mg  GO  were  dispersed  in  200  mL  ethyl  glycol  (EG, 
Daejung  Chemicals,  Republic  of  Korea),  then  the  suspension  was 
heated  and  stirred  at  110  °C  for  90  min  to  convert  Pt  precursor  to  Pt 
nanoparticles.  The  final  product  was  collected  by  filtration  followed 
by  washing  with  ethanol  and  drying.  To  prepare  catalyst  ink,  the 
fabricated  catalysts  were  physically  mixed  with  proper  amount  of 
nation  ionomer  in  isopropanol  (IPA,  Daejung  Chemicals,  Republic  of 
Korea)  solvent.  The  loading  amount  of  Pt  in  Pt/GO  catalyst  was  kept 
to  40  wt%  for  all  experiments. 


2.2.  Preparation  of  the  MEAs 


MEAs  were  fabricated  to  evaluate  the  catalytic  performances  in 
the  full  cell  system.  The  commercial  40.0  wt%  Pt/C  (HiSPEC™  4000, 
Johnson  Matthey)  catalyst  was  used  as  the  anode  catalyst  and  the 
hybrid  catalyst  composed  of  commercial  Pt/C  and  Pt/GO  fabricated 
in  this  study  was  used  as  the  cathode  catalysts  to  prepare  MEAs. 
The  catalysts  were  mixed  with  a  5  wt%  Nation  ionomer  (Sigma- 
Aldrich,  Inc.)  and  isopropanol  (IPA)  solution  in  order  to  make  a 
slurry,  which  was  then  coated  by  decal  process  onto  the  polymer 
electrolyte  membrane  (Nafion-212  membrane)  [30].  Catalyst  was 
coated  using  the  same  procedure  except  with  the  25  wt%  Nation 
ionomer.  The  Nation  ionomer  content  in  the  electrode  was  calcu¬ 
lated  using  the  following  equation. 


Nafion  content(wt%) 


Nafion  weight 

Nafion  weight  +  catalyst  weight 


x  100 


The  areas  of  both  the  anodes  and  cathodes  were  25  cm2  and 
0.4  mg  Pt  cm-2  was  loaded  on  each  electrode. 


2.3.  Instrumental  analysis 

Atomic  Force  microscope  (AFM,  Veeco  Dimension  3100)  was 
used  to  measure  the  thickness  of  GO  in  tapping  mode.  AFM  sample 
was  prepared  by  drop-casting  of  low  concentration  of  GO  suspen¬ 
sion  on  silicon  wafer  followed  by  drying  in  air  at  room  temperature. 
X-ray  photoelectron  spectroscopy  (XPS,  Thermo  Fisher  K-alpha) 
was  conducted  to  investigate  the  functional  groups  and  chemical 


compositions  of  GO.  Thermogravimetric  analysis  (TGA,  TA  In¬ 
struments  TGA  Q50)  was  used  to  determine  the  loading  amount  of 
Pt  on  the  supporting  materials  by  heating  the  catalysts  to  900  °C 
with  10  °C  min-1.  X-ray  diffraction  (XRD,  Rigaku  RAD-3C)  was 
performed  to  investigate  crystal  structure  and  calculate  the  particle 
size  of  the  Pt.  XRD  data  were  collected  from  10  to  100°  range  with 
Cu  Ka  radiation  (A  =  1.541  A).  Transmission  electron  microscope 
(TEM,  JEOL  JEM-2010)  images  were  also  collected  to  see  the  size 
and  distribution  of  Pt  nanoparticles  on  GO  and  CB. 

2.4.  Electrochemical  analysis 

The  cyclic  voltammetry  (CV,  BioLogic,  SP-50)  analysis  was  con¬ 
ducted  to  evaluate  the  electrocatalytic  activity  of  Pt/C,  Pt/GO,  and 
Pt/GO-Pt/C  hybrid  catalysts  with  three-electrode  half-cell  system 
using  Ag/AgCl  reference  electrode  and  Pt  counter  electrode  in  0.5  M 
H2SO4  (aq.)  as  the  electrolyte  at  25  °C.  The  working  electrode  was 
prepared  by  casting  3  pi  of  catalyst  ink  onto  a  pre-polished  glassy 
carbon  disk  (GC,  3  mm  in  diameter).  The  catalysts  were  mixed  with 
a  5  wt%  Nafion  ionomer  and  IPA  solution  in  order  to  make  slurry, 
which  was  then  casted  on  GC  electrode.  Nafion  ionomer  was  used 
to  protect  detachment  of  the  catalyst  layer.  The  counter  electrode 
was  a  GC  plate,  and  an  Ag/AgCl  electrode  was  used  as  the  reference 
electrode.  The  scan  rate  and  scan  range  for  general  tests  were 
50  mV  s-1  and  -0.2  to  1.0  V,  respectively.  Durability  of  catalysts  was 
compared  after  60  min  scan  between  0.4  and  1.2  V  with  50  mV  s-1 
scan  rate  to  expose  them  to  accelerated  condition  as  the  carbon 
corrosion  occurs  more  quickly  at  higher  potential. 

Full-cell  test  was  carried  out  in  the  following  ways.  Firstly,  the 
MEA  prepared  in  this  study  was  assembled  to  cell  fixture  (Fuel  Cell 
Technologies  Co.)  with  gas  diffusion  layers  (GDL)  (JNTG,  JEN-40- 
A2).  Then,  cell  performance  was  evaluated  under  the  hydrogen 
and  air  feeding  in  stoichiometric  ratios  of  1.5  and  2.0,  respectively 
while  the  temperature  was  maintained  at  343  I<  with  100%  relative 
humidity  at  ambient  pressure.  CV  measurements  were  carried  out 
to  evaluate  the  electrochemical  active  surface  (ECSA)  area  at  a  scan 
rate  of  50  mV  s  1  supplying  hydrogen  and  nitrogen  to  the  anode 
and  cathode,  respectively.  Durability  of  catalysts  was  compared 
after  3  h  constant  high  voltage  operation  (1.4  V).  ECSA  of  Pt  nano¬ 
particles  was  determined  by  calculating  the  hydrogen  desorption 
area.  The  charge  for  monolayer  desorption  of  hydrogen  on  Pt  was 
assumed  to  be  210  pC  cm-2.  All  potentials,  however,  are  referenced 
with  respect  to  the  reversible  hydrogen  electrode  (RHE). 

3.  Results  and  discussion 

3.1.  Chemical  and  physical  structures  of  carbon  supports 

AFM  and  XRD  were  used  to  confirm  the  exfoliation  of  graphite. 
As  shown  in  Fig.  1(a),  GO  fabricated  in  this  study  shows  well- 
exfoliated  1  nm  thick  single  layer.  The  increased  thickness  of  GO 
than  that  of  graphene  fabricated  by  CVD  (~0.34  nm)  can  be 
attributed  to  functional  groups  and  the  defect  of  sp3-hybridized 
carbon  bonding  generated  during  the  oxidation  of  graphite 
[19,35,36].  As  shown  in  Fig.  1(b),  XRD  patterns  of  natural  graphite 
and  GO  exhibit  peaks  at  around  26  =  26°  and  26  =  11°  corre¬ 
sponding  to  the  (002)  plane  with  d-spacing  of  0.34  nm  and  0.78  nm, 
respectively  [18,38].  The  increased  interlayer  spacing  of  GO  than 
that  of  natural  graphite  is  due  to  the  intercalation  of  water  mole¬ 
cules  and  generated  oxygenated  functional  groups,  such  as  epoxy 
and  hydroxyl,  between  the  intergalleries  of  the  graphite  sheets 
during  severe  oxidation.  The  loading  amount  of  Pt  on  the  carbon 
support  was  measured  by  TGA.  It  can  be  clearly  seen  that  Pt/C  and 
Pt/GO  catalyst  used  in  this  experiments  have  similar  amount  of  the 
Pt  loading  with  40.03  and  40.84  wt  %,  respectively  [39]. 
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Fig.  1.  (a)  AFM  image  of  GO  and  (b)  XRD  pattern  of  graphite  and  GO. 


XPS  was  used  to  investigate  the  chemical  structure  of  carbon  in 
graphite,  Pt/C,  and  Pt/GO.  As  shown  in  Fig.  2(a),  the  Cl  s  XPS  peak  of 
GO  can  be  de-convoluted  into  four  types  of  peaks  such  as  C— C,  C-N, 
C — O,  C=0,  and  0-C=0  corresponding  to  the  binding  energy  of 
284.5,  285.6,  286.5,  287.5,  and  288.6  eV,  respectively,  which  in¬ 
dicates  that  high  amount  of  oxidized  functional  groups  including 
hydroxyl,  epoxy,  ketone,  aldehyde,  and  carboxylic  acids  are  present 
in  GO  [14,15].  Instead,  Cls  peak  of  Pt/GO  shows  the  similar  com¬ 
ponents  but  highly  reduced  functional  groups  than  that  of  original 
GO,  which  indicates  that  Pt  precursor  reacted  with  the  functional 
groups  of  GO  during  the  deposition  of  Pt  on  the  GO  support  [29]. 
Relatively  low  amount  of  functional  groups  are  observed  in  com¬ 
mercial  catalyst.  Raman  spectra  of  GO  and  Pt/GO  are  shown  Fig.  2(g) 
to  compare  the  chemical  structure  between  them.  Both  samples 


exhibit  the  D  and  G  band  at  same  position  around  1328  and 
1595  cm-1,  respectively.  The  G  band  is  the  first  order  scattering  of 
E2g  phonons  of  sp2-hybridized  carbon  atoms  and  D  peak  is  a 
breathing  mode  of  j-point  photons  of  Aig  symmetry  of  sp3-hy- 
bridized  carbon  atoms  of  disordered  graphene  [40-42].  The  Jd//g 
values  of  Pt/GO  are  increased  to  1.23  from  0.95  for  GO,  which  in¬ 
dicates  the  restoration  of  C=C  bonds  and  the  creation  of  numerous 
small  sp2  domains  by  the  reduction  of  oxygen  functional  groups 
during  the  Pt  loading  step  [40]. 

3.2.  Electrochemical  properties 

The  change  of  ECSA  for  various  catalysts  after  30,  60  min 
repeated  CV  scan  in  the  half-cell  system  is  shown  in  Fig.  3.  The 


Fig.  2.  XPS  spectra  of  (a)  GO,  (b)  Pt/GO,  and  (c)  Pt/C.  (d)  Raman  spectra  of  GO  and  Pt/GO. 
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Fig.  3.  Cyclic  voltammograms  (CVs)  of  (a)  Pt/C  and  (b)  Pt/GO.  (c)  Electrochemical  active  surface  area  (ECSA)  change  of  various  catalysts  after  60  min  high  voltage  CV  cycles,  (d)  Initial 
ESCA  and  durability  of  various  catalysts. 


Table  1 

Active  surface  area  of  each  catalyst  before  and  after  acceleration  test  in  half  cell 
system. 


Pt/GO  :PtC 

Active  surface  area  (m2  g  1) 

Initial 

After 

30  min 

60  min 

Pt/C 

54.21 

39.83 

30.82 

Deactivation 

-26.52% 

-43.15% 

2:8 

53.16 

48.23 

40.04 

Deactivation 

-9.28% 

-24.69  % 

5:5 

50.43 

45.87 

39.45 

Deactivation 

-9.04% 

-21.78% 

8:2 

40.68 

38.31 

32.18 

Deactivation 

-5.83% 

-20.89% 

Pt/GO 

36.79 

35.39 

30.24 

Deactivation 

-3.81% 

-17.81% 

Current  density  (mA  cm'2) 


commercial  Pt/C  catalyst  exhibits  the  largest  initial  ECSA  but  the 
lowest  durability  among  all  catalysts  tested.  As  summarized  in 
Table  1,  the  ECSA  of  Pt/C  was  54.21  m2  g_1  initially  but  it  rapidly 
dropped  to  30.82  m2  g-1  (-43.15%),  instead,  that  of  Pt/GO  was 
36.79  m2  g1  but  it  dropped  only  -17.81%  (30.24  m2  g^1)  after 
60  min  accelerated  CV  cycles.  As  the  GO  content  increased  in  hybrid 
catalysts  the  initial  ESCA  decreased  but  the  durability  was  signifi¬ 
cantly  improved  as  shown  in  Fig.  3(d),  which  implies  that  there  are 
synergetic  effects  between  Pt/C  and  Pt/GO  catalysts.  It  should  be 
noted  that  the  addition  of  relatively  small  amount  of  Pt/GO  (20%) 
almost  doubled  the  durability  of  commercial  Pt/C  catalyst  without 
sacrificing  the  initial  ECSA.  Based  on  the  degree  of  activity  loss 
according  to  the  Pt/GO  content,  we  can  deduce  that  GO  not  only 
shows  the  improved  durability  itself  but  also  prevents  the 


Fig.  4.  Polarization  curves  of  fabricated  MEAs  before  and  after  accelerated  durability  test  (ADT)  for  (a)  Pt/C  and  (b)  hybrid  catalyst  operated  in  full  cell  system.  The  inset  shows 
polarization  curves  of  fabricated  MEAs  for  only  Pt/GO  catalyst. 
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Table  2 

Current  densities  and  ECSAs  of  the  MEAs  before  and  after  accelerated  durability  test 
(ADT). 


Sample 

Current  density  (mA  cm 

2  @0.6  V) 

ECS  A  (m2  g"1) 

Initial 

After 

Initial 

After 

1  h 

3  h 

1  h  3  h 

Pt/C 

Deactivation 

1003.35 

776.60 

-22.6% 

547.97 

-45.4% 

36.90 

25.55  17.32 

-30.8%  -53.1% 

Hybrid  cat. 
Deactivation 

727.23 

652.53 

-10.3% 

598.04 

-17.7% 

26.91 

21.67  19.80 

-19.5%  -26.4% 

agglomeration  and  the  loss  of  Pt  nanoparticles  in  Pt/C  catalyst 

[14,18]. 

At  elaborated  temperature,  due  to  the  high  water  uptake,  high 
oxygen  content,  low  pH,  and  high  potential,  there  is  activity  loss 
due  to  the  oxidation  of  carbon  support.  The  carbon  corrosion  leads 
to  weakening  of  boding  strength  of  Pt  particles  to  carbon  support 
due  to  the  structural  collapse  of  carbon  materials  [43].  Recently,  it 
has  been  reported  that  the  graphitic  carbon  material  such  as  carbon 
nanotubes  (CNTs),  graphene  nanoplatelets  and  GOs  exhibit  highly 
improved  corrosion  resistance  due  to  their  excellent  electrical 
conductivity,  high  chemical  stability,  and  mechanical  strength 
[44,45].  The  high  carbon  crystallinity  of  Pt/GO  used  in  this  study  is 
believed  to  improve  the  electrochemical  stability  in  the  hybrid 
catalyst. 


Table  3 

Mean  particle  size  and  agglomeration  ratio  of  catalysts  after  ADT  measured  by  XRD 
and  TEM. 


Sample 

XRD 

TEM 

Pt  particles  Agglomeration 

size  (nm)  ratio 

Pt  particles 
size  (nm) 

Agglomeration 

ratio 

Initial  After  3  h 

Initial  After  3  h 

Pt/C 

Hybrid 

catalyst 

3.0  8.0  +167% 

2.8  5.3  +89% 

3.2  8.6 

2.9  4.9 

+169% 

+69% 

To  investigate  the  synergetic  effects  further,  accelerated  deac¬ 
tivation  test  (ADT)  was  also  carried  out  in  full  cell  system  by 
applying  high  voltage  (1.4  V)  for  3  h.  As  shown  in  Fig.  4,  MEA 
fabricated  with  commercial  Pt/C  shows  higher  initial  electro¬ 
chemical  current  (1003.35  mA  cirr2  at  0.6  V)  than  that  with  hybrid 
catalysts  (Pt/C:Pt/GO  =  8:2,  727.23  mA  cm-2  at  0.6  V).  However,  it 
exhibited  inferior  durability  (45.4%  activity  loss)  to  hybrid  catalyst 
(17.7%  activity  loss)  as  summarized  in  Table  2  after  3  h  ADT.  It  is  well 
known  that  the  activity  loss  at  low  current  region  (ohmic  region)  is 
due  to  the  increase  of  i)  ion  flow  resistance  in  the  electrolyte  and  ii) 
electron  transfer  resistance  through  the  electrically  conductive  fuel 
cell  components  [32  ,  and  that  at  high  current  region  (mass  transfer 
limit  region)  is  due  to  the  agglomeration  or  loss  of  Pt  nanoparticles 
induced  by  the  carbon  corrosion  [13].  As  it  can  be  clearly  seen 
from  Fig.  4  that  main  activity  loss  occurs  in  high  current  region, 


Potential  (V)  /  RHE 


Fig.  5.  Cyclic  voltammograms  of  fabricated  MEAs  before  and  after  accelerated  durability  test  (ADT)  for  (a)  Pt/C  and  (b)  hybrid  catalyst  operated  in  full  cell  system. 
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Fig.  6.  XRD  patterns  of  catalyst  before  and  after  accelerated  durability  test  (ADT)  for  (a)  Pt/C  and  (b)  hybrid  catalyst. 
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Fig.  7.  TEM  images  and  their  corresponding  particle  size  histograms  of  initial  (a)  Pt/C  and  (b)  hybrid  catalyst.  TEM  images  final  (c)  Pt/C  and  (d)  hybrid  catalyst  after  accelerated 
durability  test. 


which  indicates  that  GO  impeded  the  agglomeration  and  loss  of  Pt 
nanoparticles  in  case  of  hybrid  catalyst. 

CV  results  for  the  cathode  side  in  full  cell  system  are  shown  in 
Fig.  5  before  and  after  ADT.  Similar  as  half-cell  results,  Pt/C  showed 
larger  initial  ECSA  and  electric  double  layer  thickness  than  those  of 
hybrid  catalyst,  which  is  well  correlated  with  the  higher  initial 
activity  of  Pt/C  catalyst  over  hybrid  catalyst.  However,  as  summa¬ 
rized  in  Table  2,  ECSA  of  the  Pt/C  was  decreased  53.1%  from  36.90  to 
17.32  m2  g_1  while  that  of  hybrid  catalyst  decreased  only  26.4% 
from  26.91  to  19.80  m2  g-1  after  3  h  ADT,  which  also  means  that 
addition  of  Pt/GO  prevented  the  agglomeration  of  Pt  nanoparticles 
and  thus  retained  ECSA  better. 

To  calculate  the  Pt  particle  precisely  by  Scherrer’s  equation  [15], 
XRD  was  taken  and  shown  in  Fig.  6.  The  sharp  diffraction  peaks  of  Pt 
crystalline  structure  that  can  be  correlated  to  (111 ),  (200),  (220)  and 
(311 )  planes  are  shown  and  broad  peak  at  around  25°  that  is  related 
to  carbon  supports  is  also  observed.  As  summarized  in  Table  3,  the 
average  Pt  size  of  Pt/C  catalyst  increased  167%  from  3.0  to  8.0  nm, 
instead,  that  of  hybrid  catalyst  increased  89%  from  2.8  to  5.3  nm, 
which  is  well  correlated  with  ESCA  comparison  both  in  half-cell  and 
full  cell  test  after  3  h  ADT.  Agglomeration  ratio  is  a  ratio  describing 
how  many  percentages  of  Pt  nanoparticles  agglomerate  after 
3hr  ADT. 

To  see  the  effect  Pt  growth  in  hybrid  catalyst  in  detail  during 
ADT,  TEM  images  were  collected  for  each  catalyst.  As  shown  in 


Fig.  7(a)  and  (b),  Pt  nanoparticles  are  well  dispersed  on  CB  and  GO 
surface  with  2-4  nm  size  initially.  After  ADT,  high  degree  of 
agglomeration  was  observed  in  Pt/C  catalyst  (Fig.  7(c)),  instead, 
only  small  amount  of  agglomeration  was  observed  both  GO  and  CB 
support  in  the  hybrid  catalyst,  which  indicates  that  GO  prevent  the 
Pt  growth  not  only  in  itself  but  also  in  CB. 

In  general,  the  Pt  particle  grows  through  Ostwald  ripening 
process  in  commercial  Pt/C  catalyst.  Pt  particles  are  dissolved 
during  the  cell  operation  by  the  carbon  corrosion  and  then  they  are 
re-loaded  or  re-impregnated  again  on  the  remaining  Pt  particles, 
which  results  in  agglomeration  and  large  Pt  particles  [46,47].  The 
GO  present  in  the  hybrid  catalyst  has  many  kinks,  defects,  and 
functional  groups  which  can  offer  the  active  site  for  nucleation  or 
collects  of  Pt  eluted  from  Pt/C,  which  can  be  resulted  in  the  less 
agglomeration  of  Pt  even  in  the  CB  support  [48].  The  GO  produced 
by  the  functionalization  process  inherits  a  lot  of  defect  sites,  and  we 
believe  that  the  defect  sites  strongly  anchor  the  Pt  nanoparticles 
and  prevent  them  from  aggregating  or  dissolving  into  the  electro¬ 
lyte  during  sulfuric  acid  electro-oxidation. 

4.  Conclusions 

The  durability  of  commercial  Pt/C  catalyst  was  improved  by  the 
addition  of  Pt/GO  catalyst  without  sacrificing  initial  electro¬ 
chemical  activity.  The  high  voltage  CV  cycle  test  in  half-cell  system 
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revealed  that  as  the  Pt/GO  content  increased,  the  initial  ECSA 
decreased  but  durability  was  highly  improved.  When  20%  Pt/GO 
was  mixed  with  commercial  Pt/C  catalyst,  the  durability  doubled 
while  only  2%  initial  ECSA  dropped.  The  hybrid  catalyst  also  showed 
about  3  fold  higher  durability  than  that  of  commercial  Pt/C  catalyst 
in  full  cell  accelerated  durability  test  especially  at  high  current  re¬ 
gion.  XRD  and  TEM  analysis  revealed  that  GO  prevented  the 
agglomeration  of  Pt  in  Pt/C  catalyst  by  offering  anchoring  site  of 
eluted  metal,  which  resulted  in  the  more  enhancement  in  dura¬ 
bility  than  that  based  on  its  content. 
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